Abstract This paper scopes a number of the health impacts of climate change in Europe (EU-27) quantitatively, using physical and monetary metrics. Temperaturerelated mortality effects, salmonellosis and coastal flooding-induced mental health impacts resulting from climate change are isolated from the effects of socio-economic change for the 2011-2040 and 2071-2100 time periods. The temperature-induced mortality effects of climate change include both positive and negative effects, for winter (cold) and summer (heat) effects, respectively, and have welfare costs (and benefits) of up to 100 billion Euro annually by the later time-period, though these are unevenly distributed across countries. The role of uncertainty in quantifying these effects is explored through sensitivity analysis on key parameters. This investigates climate model output, climate scenario, impact function, the existence and extent of acclimatisation, and the choice of physical and monetary metrics. While all of these lead to major differences in reported results, acclimatisation is particularly important in determining the size of the health impacts, and could influence the scale and form of public adaptation at the EU and national level. The welfare costs for salmonellosis from climate change are estimated at potentially several hundred million Euro annually by the period 2071-2100. Finally, a scoping assessment of the health costs of climate change from coastal flooding, focusing on mental health problems such as depression, are estimated at up to 1.5 billion Euro annually by the period 2071-2100.
Introduction
There is increasing policy interest in quantifying the potential physical consequences and associated economic welfare costs from climate change, as well as the role that adaptation action has in potentially reducing these consequences (CEC 2005a (CEC , b, 2007a (CEC , b, 2009 EEA 2007 EEA , 2008 . The PESETA project (Projection of Economic Impacts of Climate Change in Sectors of Europe based on bottom up Analysis) aimed to assess a broad range of potential climate change impacts in Europe in quantitative terms, and to progress to an economic analysis of these impacts (Ciscar et al. 2009 ). As part of this research project, human health was identified as a priority area for assessment. This paper provides a summary of the PESETA health assessment for climate change in Europe.
Climate change has a range of complex inter-linkages with health (Menne and Ebi 2006; Confalonieri et al. 2007 ). It may lead to direct effects such as temperature-related illness and mortality from heat and cold, and to injuries and fatalities from extreme weather events. Other potential impacts may follow more indirect pathways such as those that give rise to water-and food-borne diseases or transmission of vector-borne disease. These health changes will have economic consequences through incurring medical treatment costs and health protection costs, the potential loss of work productivity, as well as welfare changes that can be expressed in economic terms when captured by measures of willingness to pay to avoid any pain and suffering associated with adverse health outcomes.
There is already a considerable literature relating to the health impact assessment of climate change in physical terms (e.g. the number of cases of fatalities or disease outcomes). Notable studies at the global scale include McMichael et al. (2001 McMichael et al. ( , 2004 and Pitcher et al. (2008) , whilst studies in Europe include Kovats (2000) and Menne and Ebi (2006) . Health is also a key focus area in national climate assessments (e.g. UK CCIRG (1996) , USNAS (2000) , SIAM (2002) , ECCE (2005) , NRC (2007) etc.), though much of the focus in these studies has been on heat related mortality (see also later discussion).
However, there is a more limited set of studies that assess the economic costs associated with health impacts of climate change, though these do include studies at the global scale (Tol 2002a, b; Tol 2008; Bosello et al 2006) and at national level (e.g. Kovats et al. (2006) in the UK; SCCV (2007) in Sweden; Bambrick et al. 2008 for Australia: Carraro and Sgobbi 2008 for Italy) Health has emerged as a priority area of assessment in studies of climate change impacts, both at the global scale, with particular concerns for developing countries (e.g. Stern et al. 2006; Parry et al. 2007 ) but also in relation to developed countries (e.g. Alcamo et al 2007; Garnaut Review 2008) .
The assessment reported in this paper builds upon this existing literature. It assesses the potential impacts of three climate change-related health endpoints: mortality changes related to temperature; salmonellosis cases; and coastal induced health consequences, for a large geographical area (European Union, specifically the EU27). Unlike previous studies, the assessment also uses a very high level of spatial and temporal disaggregation.
The focus on these three health endpoint reflects the existing literature on physical quantification, which is a pre-requisite to valuation: the main subject of this paper. A number of other health endpoints are also potentially important for Europe, notably temperature and morbidity, vector borne disease (mosquito and tick-borne), water-borne disease, air pollution related impacts, and the direct effects of extreme events (floods, fire, etc.). However, as reported by Kovats and Lloyd (2010) , there is a lack of quantification studies for these endpoints at the European scale, and for this reason they have not been assessed here. Furthermore, a number of these impacts are associated with extreme events or are episodic in nature (e.g. water borne disease outbreaks), which makes European level quantification challenging. Because of these omissions, it is stressed that the economic costs reported in this paper are therefore likely to be an underestimate of the total health costs of climate change in Europe.
The assessment also serves to demonstrate the role of uncertainty in determining physical and monetary aggregate impact estimates. Specifically, sensitivity analysis is applied to the climate models and scenarios, the physical health impact function, treatment of autonomous adaptation, and monetary unit costs for valuation, to illustrate the effect of uncertainty on the aggregate results for Europe. A principal finding is that variations in these parameter valuesalone and combined-have a significant effect on the total aggregate estimates, but also the geographical pattern of projected health impacts across Europe. They therefore have a critical role in determining appropriate adaptation responses across Europe.
A key focus of this paper is the consideration of monetary values, not least because this provides a common metric for comparing different endpoints, but also against other sectors (for example the other sector results in this special edition). In line with other sectors, and the overall approach used in PESETA, and to maximise the direct comparability for different impacts over time, the results are presented here in constant values (2005 prices), with no adjustments for future time periods, including no discounting.
The paper is structured as follows: Section 2 gives an overview of the modelling framework adopted in the study, together with a description of the generic climate and socio-economic data applied in the quantitative analysis. Sections 3, 4 and 5 then outline the method and results for the three health impacts analysed quantitatively; mortality, salmonellosis and mental health, respectively. Section 6 then draws together some implications for policy as well as highlighting a number of priorities for future research.
Methodology and data
The PESETA project adopts a bottom-up impact assessment methodology, as defined in Carter et al. (2007) . This approach is followed in a number of national assessments (e.g. US NAS 2000; Hunt 2008) , where data from national-scale climate and socio-economic projections are used in combination with climate-impact response functions to generate estimates of physical impacts. The climate-impact response functions that link climate parameters to health outcomes are based on epidemiological studies undertaken on the basis of current climate variability. The physical metric is then converted to a monetary one by multiplying the health outcomes by a relevant unit value. Thus:
In common with the other sectoral studies undertaken within the PESETA project, analysis is undertaken for two time periods (the periods 2011-2040 and 2071-2100) , relative to a model control period for two climate scenarios (IPCC SRES A2 and B2). It also considers two alternative climate model projections with different driving GCMs for the latter time period (see Christensen et al. 2011) . For the 2080s, the first simulation uses the Danish Meteorological Institute (DMI) regional model / Hadley Centre's HadCM3 GCM. The second simulation repeats the analysis with an alternative RCM and GCM combination (RCM from the Swedish Meteorological and Hydrological Institute; GCM from the Max Planck Institute's ECHAM4). For the early period ) the analysis considers the IPCC SES A2 scenario only, although the A2 and B2 scenarios are very close for this time window. For the latter period (2071-2100) the A2 and B2 scenarios are assessed separately.
The spatial scale is defined by the regional climate model outputs; the temporal scale is also highly disaggregated, adopting simulated daily data. Aggregation of this data has then been undertaken for each EU Member State, for the EU as a whole, and for the two reporting time periods.
To implement this level of dis-aggregated analysis and to automate the large number of operational calculations and runs, a relative complex integrated assessment modelling environment was developed. This built and links two modelling databases. The first is a health impact assessment model, operating within a Geographical Information System (GIS). The second is a data processing model, built within a Fortran environment. Both models use a gridded system (50 km by 50 km grid resolution) across Europe, into which climate, socio-economic data and background health incidence data are incorporated. The impact-response functions and valuation endpoints are then introduced in order to allow estimation of daily level data across the two 30-year climatological periods. The quantitative modelling aspects are illustrated in Fig. 1 .
Estimates are generated within the GIS. This model provides the number of additional deaths, hospital admissions and salmonella cases in each grid cell for each year. The annual estimates are averaged across the 30-year climatological period to give the projections of health impacts resulting from the coupling of climate change and socio-economic change for that time-period. The results are assessed in the following sequence. First, the number of deaths and salmonellosis cases relating to socio-economic changes alone are estimated (i.e., calculated for the future period by subtracting total health impacts estimated under presentday (baseline) climate from those estimated under projected future socio-economic Christensen et al. (2011) . The other key input data for the analysis of potential impacts from climate change is the use of quantified socio-economic projections. For health, the primary projections are population size and geographical location: whilst the population of Europe is mature, there are some projected changes (increases) over the next century. To apply a number of the impact-response functions, the age structure and death rates of the population are also needed. The analysis has applied the risk factors to the total population at risk, though heat stress is primarily associated with urban populations. Population data were supplied by IIASA (van Vuuren and O'Neill 2006) , based on the IPCC Special Report on Emissions Scenarios (SRES), A2 and B2 scenarios, disaggregated on a 5-year interval basis, split into 5-year age bands. The data shows that total population changes are generally modest with around an 8% population growth by the 2080s under the A2 scenario, and a 3% reduction under the B2 scenario. Country specific mortality rates were taken from the UN projections and multiplied by the population projections to give the baseline number of deaths in a given time-period. On the basis of Eurostat data, these death rates were disaggregated to give agespecific death rates, for current and future time periods. For the analysis of food borne disease, baseline datasets for salmonella cases were taken from the WHO Global Salmonella Survey (GSS) (Galanis et al. 2006) . No adjustments were made for future changes in rates as a result of technological or behavioural change.
It is stressed that a number of other socio-economic factors will be important in future impacts. Economic growth (and per capita income) is an important factor in reducing future impacts, both in relation to general health levels, but also specific impact categories (for example, income is a strong determinant of household air conditioning (Isaac and van Vuuren 2009) , and ownership and usage of ACs significantly reduced the effects of temperature on health outcomes to heat (Ostro et al. 2010) ). However, the effect of economic growth on health outcomes has not been considered in the analysis. Furthermore, there is a wide range of other socio-economic factors, not least the wider changes in health care policy, general health status (other determinants), health inequalities, etc. and autonomous adaptation that will affect outcomes. These omissions are highlighted as a major uncertainty.
3 Analysis of temperature (heat and cold) related mortality
Background
Climate variability already has significant effects on health, for example in relation to heat-and cold-related effects on mortality and morbidity. These effects are widely recognised and a number of epidemiological studies-primarily using time-series data-document the health effects of heat extremes and heat-waves in quantitative terms (e.g. Ballester et al. 1997; Hajat et al. 2002; O'Neill et al. 2003; Páldy et al. 2005) . Such weather events have become a greater focus for policy makers in Europe following the 2003 heat-wave when a large number of premature deaths were observed across all of Western Europe, and particularly in France (Pirard et al. 2005) . Studies also identify epidemiological relationships for cold-related mortality (e.g. Donaldson and Keatinge 1997; Danet et al. 1999; Eurowinter 1997) . In relation to mortality, winter cold stress is often reported to be more important than summer heat stress for many countries (e.g. such as the UK, Department of Health 2001).
The studies often report strong distributional effects within population groups. For example, the elderly are at higher risk of dying during a heat wave or from heat stroke, as seen in France in 2003 (Pirard et al. 2005) . Similarly, there is frequently found to be variation by socio-economic group and correlation with income or deprivation indices (e.g. Vandentorren et al. 2004; Curriero et al. 2002; O'Neill et al. 2003; Matthies et al. 2008) , though this evidence is stronger for the USA.
These studies tend to report the impacts of climate with a simple variable such as daily mean temperature, and find a temperature-health relationship in terms of a U, Vor J shaped curve. In such curves, mortality rates increase above a given temperature threshold for heat (and increase below a temperature threshold for cold), thus it is the frequency and intensity of temperature divergences that are important. The thermal optimum varies from country to country across Europe, with lower threshold temperatures for heat in the north, and higher threshold temperatures in the south. The gradients of the curve also vary from country to country.
These temperature-mortality relationships can be applied to assess the potential impacts of future climate change. There are a growing number of such studies that provide quantitative estimates of future increases in heat related effects with climate change. For example, quantitative projections exist for Lisbon (Dessai 2003) , Los Angeles (Hayhoe et al. 2004 ), New York (Kinney et al. 2006) , Boston (Kirshen et al. 2004) , as well as a group of 10 Australian and 2 New Zealand cities (McMichael et al. 2003) . National-level studies also exist, for example for the UK (Donaldson et al. 2001; Kovats et al. 2006; DoH 2008) , and Germany (Koppe et al. 2003 ) amongst many others. Future climate change will also potentially reduce cold related effects (i.e. leading to benefits), though there has been less consideration of these effects in most studies of climate change, though Bosello et al. (2006) and Kovats et al. (2006) provide quantitative projections in the context of aggregated and national economic assessments respectively.
However, the spatial and transfer of these epidemiological relationships to future climate introduces significant uncertainty to the analysis. This arises from the application of functions derived for one particular location to a much broader spatial area and from the application of current time series data to future climates. The latter assumes that future temperature-mortality relationships for any specific location will be identical to past ones. However, Davis et al. (2003a; show that-due to demographic change and acclimatisation and adaptation-this will invariably overestimate potential future effects. There is therefore the need to incorporate nonstationary processes, though, as yet, there is little consensus on how this should be undertaken.
Other aspects of socio-economic change also have a role in determining population vulnerabilities though these have not yet been quantified. There are also uncertainties introduced in the measurement and transfer of the impact function relationships themselves, since these relationships tend to be defined with regard to the mean temperature only, which may not provide the best representation of the climate drivers such as duration and intensity that are responsible for the effects of heat extremes. This is particularly important because climate models indicate an increase in the mean and variance of temperatures with future climate change, and there is some evidence that increased variability will have an effect on winter and summer mortality (Braga et al. 2001 (Braga et al. , 2002 .
Assessment methodology
In the light of the above, it becomes clear that it is crucial for policy makers to understand the sources of uncertainty and their potential importance in determining health impacts, rather than focusing on specific single projections of the future that overly simplify the picture. A key focus of this study has therefore been to test different parameter choices and investigate their effects on the spatially disaggregated results as well as the aggregated totals. To advance this, a series of paired comparisons have been adopted. These are: a) two socio-economic scenarios / climate model projections (SRES A2 and B2); b) two regional climate model outputs (where available) for each of these scenarios; c) two temperature-related mortality functions, applied to each model output; d) two assumptions relating to acclimatisation (with and without); e) two valuation metrics, using premature deaths and years of life lost, each with a range of two values.
Note that even this set of sensitivity analysis represents a sub-set of full uncertainty.
Climate model data
Consistent with the other sectoral studies in PESETA, we have used climate scenario data from the Rossby Centre (for the period 2011-2040) and the PRUDENCE project (for 2071-2100), with investigation of two different driving GCMs for the latter time period (see Section 2). A full description of the model outputs is provided by Christensen et al. (2011) . In summary, for average summer temperatures, the largest climate changes are projected in southern and Mediterranean Europe, with up to 7°C warming over Spain and parts of France, Greece and Turkey under the A2 scenario by the period 2071-2100, and up to 5°C under the B2 scenario. The smallest changes are projected across the British Isles and Scandinavia-with less than 2°C under the A2 scenario. For average winter temperatures, the largest climate changes are projected in Eastern Europe, with up to 5.5°C warming in easternmost parts of Finland, Romania, Bulgaria and Turkey under the A2 scenario, and up to 4°C under the B2 scenario. The smallest changes are projected in Western Europe, through the British Isles, France, Spain and Portugal-less than 2°C under the B2 scenario. These differences are important in the subsequent distribution of impacts. It is highlighted that that the climate change models do not account for elevated temperatures in urban areas, i.e. from any urban heat island effects, and therefore may underestimate effects, particularly in major cities.
Impact functions
The study uses two simple functional relationships for assessing potential heat-and coldrelated temperature effects. It is highlighted that there is also some evidence of other health related effects (morbidity) from temperature, but due to a lack of coverage of functions across the EU, these were not quantified here.
The first set of relationships uses a suite of country-specific epidemiological studies, using the functions reported by Menne and Ebi (2006) for seven countries across Europe. These are reported here as 'country specific' functions. These relationships were derived from statistical analysis of daily (or monthly) temperature and mortality, and provide information on the threshold level and the slope of the curve (linking temperature and mortality), both of which are used in subsequent analysis of climate change. In the absence of a full range of countryspecific functions (at the time of the study), these functions were transferred to climatically and socially similar countries to allow a European wide analysis-details are provided in the supplementary information. Note that since this study, Baccini et al (2008) have provided an extended set of city specific functions across Europe as part of harmonised assessment. In the absence of age-specific country evidence, the study has used all-age mortality functions. These functions are presented in Table 1 .
The second approach involved a statistical analysis of daily temperatures in each location, to derive a set of climate-dependent thresholds. The thresholds for each grid cell were calculated following the approach by Kovats et al. (2006) , with thresholds taken at the 10th and 95th centiles of daily mean temperature for low-and high-temperature impacts, respectively. For each grid cell, the 10th and 95th centiles of the 30-year daily mean temperature series were identified. This threshold data was then utilised in combination with a single functional form from Kovats et al. (2006) , which comprised of a fixed single slope-gradient, assuming a linear form beyond the grid square specific threshold point. These are reported as 'climate dependent' functions, presented in Table 2 .
The two impact function approaches have different strengths and weaknesses. The country specific approach uses functions which include existing acclimatisation and adaptation, but which is limited by the geographical coverage of studies, as well as by their consistency and transferability. The climate dependent approach provides a representation of existing physiological adaptation at a high spatial scale (50 by 50 km) across Europe. Due to the use of a common functional form, the resulting impact predicted also bears a closer link to the marginal change in temperature predicted from the climate models, since the impacts are essentially a representation of the scale of temperature change directly experienced at each location. The disadvantage to this approach is that there is no explicit linkage with technical, socio-economic or behavioural factors that help determine vulnerability to climate impacts in each location. These factors are more likely to be represented in the country specific functions.
It is stressed that the analysis above does not fully capture the potential changes-and the associated health effects-from increasing intensity and frequency of extreme temperatures (heat-waves) due to climate change. The study has also used linear response functions applied to daily average temperatures, which is likely to under-estimate the health impacts of extreme events, not least because it omits non-linear increases in mortality at very high temperatures, and does not take into account the cumulative effect of sustained Eurowinter (1997) b Cold functions from Pattenden et al. (2003) c All heat functions from Menne and Ebi (2006) , and references therein heat load (or sustained night-time temperatures), etc. The omission of the additional impacts of such events is important in evaluating the results below.
Acclimatisation
Physiological and behavioural acclimatisation to the changing climate is likely to occur across European populations. Some consideration has been given to this factor in studies to date (Dessai 2003; Kovats et al. 2006) , and these indicate that acclimatisation is likely to reduce potential increases in heat-related mortality. Whilst there is no consensus on the potential extent of acclimatisation, here, we have adopted the approach used by Dessai (2003) and assumed acclimatisation to 1°C warming would occur every three decades. This should be regarded as a very approximate assumption, especially given that McMichael et al. (2004) suggest that acclimatisation rates will be region-and scenario-specific, being contingent on a host of socio-economic determinants. It is uncertain whether there will also be a decline in the sensitivity of mortality to cold, as there is no specific literature on this subject. As an indicative sensitivity test, the study has investigated the potential effects for a decline in the sensitivity of mortality to cold, using similar temporal rates as assumed for heat, though particularly care should be taken in interpreting these results. No account has been taken of other adaptation measures.
Valuation
A substantial literature exist on the monetary valuation of health end-points and mortality; more specifically, the trade-offs that may be made between income, wealth and health (see Freeman 2003 for an overview of this literature). Valuation of a health end-point comprises the sum of three components which each capture different parts of the total welfare effect of the end-point. These components include: resource costs i.e. medical treatment costs and the opportunity costs, in terms of lost productivity; and dis-utility i.e. pain or suffering, concern and inconvenience to family and others. Note that in the instance of valuing a reduction in the risk of premature death in an elderly population, the first two components may be negligible. Techniques have also been developed to estimate in monetary terms the non-marketdis-utility-component of health impacts on welfare. These techniques estimate the 'willingness to pay' or the 'willingness to accept compensation' for a particular health outcome, using survey-based "stated" preference methods and/or "revealed" preferences methods that are based on observed expenditures such as on consumer safety. We make use of existing unit value estimates and adopt established value transfer procedures to apply these values, derived in one context, in the climate change futures context of this paper.
There are currently no unit values for the willingness-to-pay (WTP) derived in the context of avoiding a climate change-induced increase in mortality risk. However, whilst Holland et al. 2005) , and this has also been the approach used here. It should be noted, however, that use of these metrics remains somewhat controversial. For instance, the degree to which it is legitimate to assume additive separability of the value of a number of remaining life-years for an individual is not agreed upon (Murphy and Topel 2006) . Alberini et al. (2006a) used a contingent valuation stated preference technique to derive VSL values and their results are particularly useful for application in the European context since they are derived from pooled observations in three different EU countries. Through a procedure described in Rabl (2003) , these VSL estimates were converted to equivalent VOLY estimates. Thus, the central VSL from Alberini et al. (2006a) of €1.11 million equates to €59,000 for a VOLY. The VOLY is applied to the average period of life lost for mortality, assumed here to be 8 years, a value that has been used in previous assessments (Kovats et al. 2006) ,. Note a smaller period of life lost, closer to that used in the air pollution literature for acute mortality (see Holland et al 2005) , would reduce final valuation significantly. Whilst there remains significant uncertainty surrounding the most appropriate estimates of VSLs and VOLYs to use-see Viscusi and Aldy (2003) for a comprehensive review of global estimates of VSLs-the adoption of the unit value results from Alberini et al. (2006a) relies on the fact that they are derived from WTP to avoid risk changes of the size anticipated under climate change scenarios, and that they adopt best current methodological practice. These results are supported by the findings of a second study (Alberini et al. 2006b ) which applied a similar method to Italy and the Czech Republic to derive VSLs.
Results and discussion-physical impacts
In Table 3 , the results for the quantification of heat-related and cold-related temperature mortality across the EU for the 2011-2040 climate (A2) and 2071-2100 time-slices (A2 and B2) are presented. This shows the heat-related mortality impacts. Mortality is reported in terms of absolute numbers of excess deaths for the two time periods, and two IPCC SRES scenarios (A2 and B2), with two sets of impact functions (climate dependent and country specific functions), in both cases with and without acclimatisation being included. The different combinations are assigned run numbers to aid subsequent discussion. The accompanying change in mortality rate due to climate change alone is shown in Fig. 2 .
In Table 3 , the results are presented for a) socio-economic change alone; b) both socioeconomic and climate change, and; c) the net impacts of climate change alone. This disaggregation serves to highlight the fact that significant increases in mortality may be expected on the basis of an increasing and aging European population, i.e. irrespective of any future climate change. It also explicitly demonstrates the marginal impact of climate change (over and above the changes due to socio-economic drivers that would occur even in the absence of climate change). Note that in some cases, also, the applied rate of acclimatisation exceeds the extra heat-related deaths thereby negating any effect, and resulting in zero values.
It is immediately clear from the heat-related mortality totals that the wide-ranging results reflect the uncertainties in the parameters adopted-most particularly the scenario, choice of model, function and acclimatisation assumption chosen, as shown in in the runs representing alternative combinations of input and analysis approaches. Even within one fixed climate scenarios and time period (e.g. A2, 2071-2100), the range of uncertainty is at least one order of magnitude. It should also be stressed that the parameters and models adopted here only constitute a sub-set of those available, so that one might expect the true range of uncertainty to be substantially larger. However, certain observations can be made. First, it is clear that changes in population and age structure will lead to potential changes and future changes in vulnerability even in the absence of climate change. Under some parameter choices, the effects of socio-economic change are almost as significant as that of climate. Second, by the 2020s (the mid-point of 2011-2040), a small increase in the European average heat-related numbers of deaths due to climate change is projected, over and above that as a result of changing populations and demographics (see runs 1 to 4 in Table 3 ). Both sets of impact functions (country specific and climate dependent) give similar results, with just over 25,000 extra heat related deaths per year, in the absence of acclimatization (see the climate induced changes in the final column for runs 1 and 3). Third, the inclusion of acclimatisation is critical to the impact estimation. The results show that its inclusion in this earlier time period leads to a reduction of mortality by approximately a factor of 5 (see runs 2 and 4, which include acclimatization), reducing annual impacts down to 4000 cases per year. A further analysis (not shown) with acclimatisation aligned to the climate scenario (through a recalculation of threshold temperatures), reduces these effects to almost zero. The same trends are exacerbated for the later time period, centered on the 2080s (the midpoint average of the period 2071-2100). For the A2 scenario, with a single model (HIRHAM/ Had3H), both sets of impact functions estimate similar additional numbers of cases, at just under 110,000 extra heat related deaths per year (see climate induced changes, final column, runs 5 and 7). However, the use of an alternative climate model (RCA/ECHAM4) with the same function leads to 50% more fatalities-estimated at over 160,000 extra heat related deaths per year (see run 9). Including acclimatisation in the analysis again reduces the number of cases by a factor of 5, to just under 20,000 per year across the EU (see runs 6 and 8).
Under the B2 scenario, using the HIRHAM/Had3H model, the numbers of deaths estimated are reduced by approximately 50%, compared to the A2 scenario (see runs 11 and 13, compared to 5 and 7), and when acclimatisation is included within this single model analysis, its effects exceed the extra heat-related deaths otherwise generated (run 12 and 14) reported as a zero value. There is thus no net effect of climate change-the changes are within coping capacity. However, when an alternative model output is used (RCA/ ECHAM4), very different results are obtained. Under this model output, estimated mortality is much higher, at almost 95,000 extra heat related deaths even for the B2 scenario (run15). This is equi-distant between the HIRHAM/Had3H A2 and B2 estimates. When acclimatisation is built into this assessment (run 16), there are still almost 20,000 residual heat related impacts-the same number as predicted for HIRHAM/Had3H A2 with acclimatisation. The results for cold-related mortality (reported as the change in mortality rate, for climate induced change only) are summarized in Fig. 3 .
The results presented in Fig. 3 imply that at the same time that there are increases in heat related deaths (see Fig. 2 ), there will also be a decrease in the European average cold- The results are reduced significantly if a decline in the sensitivity of mortality to cold is included, such that under B2 scenarios, there is no net benefit, however, it is highlighted this assumption is included only as a sensitivity test in the absence of literature in this area. When single estimates are directly compared, i.e. using a specific model, projection, functional form, and acclimatisation assumptions, in the earlier time period (2010-2040) the reduction in cold related deaths is generally found to outweigh the increase in heat related deaths. While this is generally also the case in the later period, for some model runs, heat-related effects outweigh cold-related effects. However, some care must be taken in comparing cold and heat related deaths, not least because the latter exclude the urban uplift and do not fully account for the potential impact of heat extremes.
A disaggregation of the results at a national scale is better able to demonstrate the geographical distribution of the impacts. This distribution is of importance in informing an adaptation response, given that much adaptation takes place in a local context. The figures present the change in death rate. Note that figures are not presented for the absolute change, expressed as numbers of deaths, because these maps would be dominated by population density and just reflect urbanisation patterns on a 50 by 50 km resolution across Europe. Figure 4 , demonstrates that-for the A2 scenario towards the end of the 21 st centurythere is a significant regional variation across Europe for both heat-and cold-related 
(-) implies a benefit (fewer deaths), (+) implies an impact (more deaths).
For the cold-related impacts, the decline in the sensitivity of mortality to cold (labelled acclimatisation) is included only asa sensitivity. Fig. 3 Total cold-related deaths/year in Europe, climate induced change only, for a range of scenarios, models, and functions, with and without decline in mortality sensitivity to cold acclimatisation mortality impacts. Further, the distributional patterns vary according to the climate impact function used, i.e. whether this is the climate dependent or country specific function. With the climate dependent functions, the pattern is relatively uniform across Member States, with the largest potential mortality increases from climate change (expressed as the relative increase in death rates) occurring in Mediterranean countries, and to a lesser extent the south-eastern countries. Smaller relative increases occur in more northerly and northwest countries. These changes mirror the underlying climate signal (see Section 3.3), because this approach adopts a common gradient in the functional relationship (though note it uses different thresholds across countries). With the country specific functions, there is more variability between Member States, reflecting the larger difference in the underlying functions derived from individual country studies. Central-eastern countries show the strongest climate change induced increases (expressed as relative risks), reflecting higher gradients in the functions. These broad patterns are reflected in both the A2 and B2 scenario, and the use of an alternative model (RCA/ ECHAM4, not shown) also provided a similar pattern (though with higher relative rates).
Results and discussion-economic valuation
The physical impact estimates presented in the previous section can be expressed in monetary terms by a simple multiplication with unit values described earlier. The results for heat related impacts are summarised in Table 4 , with the same combinations and run numbers as Table 3 .
In addition to the uncertainty considered for the climate model outputs and impact analysis, two alternative valuation metrics are applied to the mortality impacts-the VSL and the VOLY. For the results presented here, values are provided in constant values (2005 prices, with no adjustments for future time periods, including no discounting). Key to table. The analysis has undertaken sixteen runs, which cover different combinations of the time period of interest (2011-2040 or 2071-2100) , the SRES scenario (A2 or B2), the climate model output (Rosby or HIRHAM/HadAM3H or RCA/ECHAM4), the impact function (climate dependent or country specific) and acclimatisation (with or without). Each row in the table sets out the specific parameters across these six fields. VOLY=value of a life year lost. VSL=Value of a Statistical Life
In expressing the broad dimensions of the different model runs, the monetary results reflect the physical results. However, the monetary values presented in Table 4 illustrate other findings. First, the choice of valuation metric (VOLY or VSL) is important, the VSL results being 2-3 times greater than those using the VOLY metric. Second, the welfare costs are potentially significant. In model runs without acclimatisation, economic costs due to climate change induced effects-in current day values-are 12 to 30 billion/year by the 2020s (runs 1 and 3) ; though this reduces down to 2 to 4 billion/year when acclimatisation is included (runs 2 and 4) . By the 2080s, under an A2 scenario, the values range from 50 to 180 billion Euro (according to the choice of function and climate model) without acclimatisation, and 8 to 80 billion Euro/year with acclimatisation. The mortality welfare costs in the early time period are equivalent to 0.1 to 0.7% of current GDP (EU25 GDP in 2005). For the latter time period, they are equivalent to 0.3 to 3% of current GDP without acclimatisation, falling to between 0% and 1% with acclimatisation.
Third, applying the same unit values to the reduction in cold-related deaths in Fig. 3 clearly leads to estimates of welfare benefits, at least comparable and generally higher than the welfare costs associated with the heat-related deaths. However, the differential adaptation needs suggested by the two temperature-related effects, combined with the multiple uncertainties including the omission of extreme and urban heat island effects, cautions against the reporting of net welfare effects.
Food-borne disease
Climate sensitive infectious diseases, such as salmonellosis, are directly affected by temperature (Kovats et al. 2004; Britton et al. 2010 ). This disease accounts for some 70% of all laboratory-confirmed outbreaks of food-borne disease in Europe (WHO 2001) , and a significant proportion of recorded cases is attributable to changes in temperature. An increase of 5-10% in the number of cases for each degree increase in weekly temperatures has been estimated above a threshold of approximately 5°C (Kovats et al. 2004) , with inappropriate food preparation and adequate storage preceding consumption being important determining factors. There is therefore a potential impact from climate change. Some studies have applied such functional relationships to assess potential future climate effects (see Bambrick et al. 2008 for Australia). This study estimates the effects of climate change-induced salmonellosis in physical and monetary terms for Europe, again using a dis-aggregated spatial and temporal analysis.
Method and data
The methodology adopts the impact relationships provided in Kovats et al. (2004) , which includes linear temperature-disease functions for eight European countries, based on 2-month mean temperatures, with the disease incidence lagged by one month. These are presented in Table 5 . In the absence of a full set of individual country functions, this set of relationships were transferred to climatically and socially similar countries to allow a European wide analysis-details are provided in the supplementary information. The mode, then computes the running two-month mean temperatures in each grid cell for each day in the climate datasets.
Baseline data on cases across Europe were derived from the WH Global Salmonella Survey (GSS) (Galanis et al. 2006) , which reports cases of Salmonella Enteritidis and S. Typhimurium in the period 2000-2003. A European average baseline incidence rate was used. Under baseline climate, the European average rate of temperature-related salmonellosis is approximately 15 per 100,000 people. However, given that the GSS only records voluntarily reported incidence, it is possible that these values under-report cases. Chalker and Blase (1988) estimate that 1-5% of all Salmonellosis cases are actually reported. Therefore, a sensitivity run was made on the basis of a 5% reporting level. In the absence of a strong rationale, no adjustments were made in the incidence rate as applied to the future time periods. The analysis also did not consider acclimatisation or any autonomous (including behavioral) or planned adaptation.
Valuation
Based on the information from reported studies (Adak et al. 2002; Fisker et al. 2003; Niels et al. 2003; Ternhag et al. 2006) an incidence and outcome model found that out of every 1,000 cases of Salmonellosis, approximately 31 would be admitted to hospital, 5 would die, 680 would visit a doctor (GP) and 284 would not see a doctor. The incidence rates of these different severities were used to derive a weighted value per case. For each level of severity, the relevant cost components-treatment costs, opportunity costs and dis-utility costswere estimated using available data. The main data sources used to estimate these cost components were Curtis and Netten (2006) for medical treatment costs, the UK Chartered Institute of Personnel and Development (CIPD) survey (2005) for opportunity costs of lost productivity, and the UK Health and Safety Executive (HSE) (1999) estimates for monetary value of pain, grief and suffering i.e. disutility. After summing the cost component estimates, the range of unit values for a case of salmonella, weighted by the incidence of a range of severities, was between €3,500 and €7,000, reflecting uncertainty in the component unit cost estimates. 'This range is comparable to the WTP to avoid poultryborne illness (with symptoms similar to Salmonellosis) estimated by Van der Pol et al. (2003) , using stated preference techniques, to be in a range between €3,300 and €3,400. These values are also similar to other studies, notably Buzby et al. (1996) and FSA (2006) .
Results-physical impacts
The number of cases for the two time periods and under the two climate scenarios are presented in Table 6 . As with the mortality results, the results are given for an aggregation of both socio-economic (population-based) change and climatic change, alongside the total for the effect of climate change alone. The results show that by the 2020s, the average annual number of temperature-related cases of salmonellosis may have increased by a total of almost 20,000 as a result of climate change in Europe under the A2 scenario (though note in this period, there is little difference between the A2 and B2 scenarios), in addition to increases expected from population changes. By the 2071-2100 period, it is projected that climate change could result in up to 50% more cases of temperature-related cases than would be expected on the basis of population change alone. Under the A2 scenario, the climate change induced increase in temperature-related cases could be around 40,000 annually, for the whole of Europe, though this would fall by 40% to 25,000 cases annually under the B2 scenario. The largest increases in number of cases, relative to population, are projected to occur in the UK, France, Switzerland and the Baltic countries.
Some care should be taken in interpreting these values since the analysis is built around constant baseline incidence rates, and does not include acclimatisation, other forms of technological advance, or adaptation, including behavioural change. Thus, since these aspects may be expected to reduce incidence rates, our results may be seen as likely overestimates. However, this upward bias is likely to be low in relation to under-reporting in the baseline incidence estimation procedure (see discussion above).
Results-economic values
The numbers of physical cases shown in Table 6 above are converted into economic values to give estimates of the welfare costs attributable to climate change only, under alternative climate scenarios. The results are shown in Table 7 , using the low value of Euro 3,500 and The welfare costs of the additional cases of salmonellosis resulting from climate change effects in the period 2071-2100 ranges from €140 million to €280 million/year for the A2 scenario, to €90 million and €180 million/year for the B2 scenario, the range reflecting alternative valuation unit costs only.
Health effects of coastal flooding
The impacts of climate change upon European coastal zones have been quantified in Bosello et al. (2011) , and this provides details of the impact assessment method. One of the results of the coastal assessment are estimates of the numbers of people affected by coastal flooding and this provides an input to allow quantification and valuation of health impact of this risk. This has considered both the direct risks (fatalities and injuries) but also the indirect effects on mental well-being. The global study on the health burden of climate change (McMichael et al. 2004 ) reports baseline fatalities and injuries of flood events for European regions. The annual incidence of death caused by coastal floods is estimated to be approximately 1 per 100 million population in 2000 and compares with the annual incidence of death caused by inland floods and landslides of 400 per 100 million population. These rates can be combined with the projections of flood incidence to derive indicative fatalities and injuries. However, there are other potential effects of flooding on well-being, including increased rates of anxiety and depression. These illnesses commonly stem from geographical displacement and damage to personal property .
Whilst there is insufficient evidence to provide robust and transferable estimates of the psychological impacts of flooding, these impacts are becoming of increasing interest in the discussions of the health impacts of climate change. Their consideration also allows the consideration of cross-sectoral linkages between sectors (a potential advantage of major multisectoral assessments), to explore whether these indirect pathways are important, and to examine the potential order of magnitude of economic costs. It is highlighted that flooding also has the potential to lead to other health outcomes, from indirect pathways such as from vector borne and water borne disease outbreaks, from water pollution, from access to water sources and sanitation, etc. While these are also likely to be important, the outputs from the coastal models (Bosello et al 2011) do not allow their quantification at the European scale, and they are likely to be associated with specific local events that require more detailed analysis.
To quantify well-being, we apply the results of a recent study in the UK by Reacher et al. (2004) to the results derived by Nicolls et al. (this issue) for the European coastal flooding context, to provide an assessment of the potential order of magnitude.
The Reacher et al. (2004) study used a questionnaire approach to elicit the impacts on mental and physical health of the October-November 2000 floods in Lewes, UK. A principal finding was that prevalence of psychological stress was found to be four times greater in the flooded population than in the un-flooded population in the town. If we employ the assumption that a multiplier of 4 can be applied to any context where flooding occurs then, with information on the baseline prevalence, it is straightforward to calculate the size of the population impacted by psychological stress.
In order to find the additional number of people flooded as a result of climate change we subtract the number flooded under the "no sea-level rise" from the number under the low and high sea level rise scenarios. We use a baseline prevalence rate of 8% of depressive disorders across the EU (European Communities 2003) and so assume that "psychological stress", the term used by Reacher et al. (2004) , is equivalent or more specifically typical of "depressive disorders".
The results are presented in Table 8 . These show a significant number of cases under the high sea level rise-A2 scenario by the period 2071-2100, potentially as high as 5 million additional cases per year though, consistent with the coastal flooding analysis, these would presumably be significantly reduced with adaptation.
Since the psychological stress most frequently manifests itself in terms of mild depression (Reacher et al. 2004 ), we use cost estimates associated with the treatment of this illness from Bower et al. (2000) . These estimates average approximately €1000 per case, with a low unit value of €700 and a high unit value of €1,100. Opportunity costs and disutility costs have not been identified and so are not included in the analysis.
The results are presented in Table 9 . Values are provided in constant values (2005 prices, with no adjustments for future time periods, including no discounting). Potential costs in 2071-2100 under the high sea level rise A2 scenario could be 1.0 to 1.4 billion/year, whilst under the B2 scenario, these costs are estimated at 0.8 to 1.1 billion/year. Under low sea level rise assumptions, however, the results are three to four orders of magnitude lower. Differences in time period, unit value and climate scenario are low compared to the sea level rise assumption.
Conclusions
This paper scopes three health impacts of climate change in Europe (EU-27) quantitatively, using physical and monetary metrics. We find that by the 2080s, the number of premature deaths from climate change-induced heat-related effects range broadly from 20,000 to 160,000 under an A2 climate scenario (0 to 100,000 under a B2 scenario), whilst the associated annual welfare costs of premature deaths range from €20 billion to €180 billion (€0 to €100 billion). The numbers of premature deaths avoided, and the associated welfare benefits of reduced cold-related mortality are comparable or greater to the scale of the heatrelated impacts. The number of additional cases of salmonellosis resulting from climate change effects (assuming no acclimatisation or autonomous adaptation) in the 2080s ranges Using estimates of number of people flooded from Bosello et al. (2011) , which include climate and socioeconomic change from 40,000 (A2 scenario) to 25,000 (B2 scenarios), with associated welfare costs of up to €280 million (A2) and €90 million (B2), but would be much higher than this if current under-reporting is taken into account. Annual welfare costs from climate change coastal flood-induced mental health problems such as depression are indicatively estimated at up to 1.5 billion by the 2080s under a scenario of high sea level rise. The paper has adopted a disaggregated analysis to generate these values. This provides additional information on the distribution of health impacts across Europe. This shows that the health impacts of climate change are likely to be unevenly distributed, and further, that the choice of different assumptions can have a large effect on the relative results. As examples, the relative increase in heat related mortality is greater in Mediterranean and Central-eastern countries. This finding highlights the need for spatially disaggregated data in future research, and it is stressed that EU-wide estimates need to be complemented by information on the local variability of impacts.
The modelling exercise undertaken to generate these results for heat and cold related mortality adopts a range of alternative assumptions relating to a number of parameters, including the choice of: climate model, climate scenario, impact function, the existence and extent of acclimatisation, and the choice of physical and monetary metrics. The resulting uncertainties in impact estimation are significant and have implications for adaptation assessment and strategy. For example, the potential role of physiological acclimatisation in determining the scale of temperature-related mortality is likely to influence both the form and scale of planned adaptation responses such as heat warning systems. The wide uncertainties also suggest that the types of adaptation implemented should be robust to a range of possible future impacts, and that research resources should be devoted to reducing these methodological uncertainties in advance of adaptation investment.
In addition to the reduction of methodological uncertainties, research in this area needs to be undertaken at more disaggregated spatial scales, where representation of impacts fits with the geographical coverage of public administration authorities responsible for the provision of specific forms of health care, education and other public goods that may ameliorate the types of health impact identified. Future research in quantitative health impact assessment and valuation should also extend its coverage to a wider range of health impacts, including the temperature and morbidity, the spread of vector and water borne, air pollution, and the direct (and indirect) effects of extreme events, as well as a more rigorous treatment of the mental health impacts of extreme weather events. Adaptation research might be usefully targeted at assessing the likely effectiveness of adaptation options under Using estimates of number of people flooded from Bosello et al. (2011) , which include climate and socioeconomic change alternative climate and socio-economic scenarios, and their appraisal using a range of decision rules that explicitly incorporate consideration of uncertainties in the assessment of adaptation option benefits.
